Abstract : Reactions occurring during permanent waving (perm) treatment of hair reduction and subsequent oxidation were studied by using FT-IR technique and a polarographic method to estimate the contents of cysteic acid, intermediate cystine oxides, thiol, and disulfide (SS) groups in the perm hairs. The reducing agents used were thioglycolic acid (TGA) and L-cysteine (CyS). The perm hair samples were prepared by repeating from one to five times of reduction-oxidation treatment. The difference in the fluorescence activity, SS bond reduction, FT-IR spectra, waving efficiency, and stress-strain properties between the samples obtained by the reduction systems with TGA and CyS has been discussed. It was found that the SS contents of the samples from both systems were decreased in approximately similar order with the increase of the number of times of treatment and the decrease in the SS groups was due to the conversion wholly into cysteic acid via the cleavage of SS bond through the S-S fission mechanism and partly into free cysteine groups. It was presumed, further, that TGA attacks the cross-links between the intermediate filament (IF) and the matrix protein (KAP), and between KAP-KAP component proteins, whereas CyS attacks the SS cross-links associated with the non-helical segments of IF acting as a KAP component, and that the reduction sites of SS cross-links in microstructure of hair relate the waving efficiency of perm hair.
Introduction
Permanent waving (perm) treatments for hair have been known for a long time and have been carried out in practice for many decades. However, the aspects of the mechanism are still fairly unknown. Chemical reactions occurring permanent waving treatment consisting of hair reduction and subsequent oxidation involve mainly the reactions concerning with thiol and disulfide. Reduction of the disulfide bond and its subsequent reactions are vital to obtain the benefits in practice not only saving the time, but also inhibiting the fiber degradation as observed by appearance and feel. Under such requirements, a large amount of research that is relevant to these chemical processes has been conducted. The reactions involved in perm processes compete with diffusion of reducing agent into hair fiber. The difference in the waving efficiency among reducing agents has been considered to be dependent on the rate of diffusion of reducing agent, which is closely related to the chemical nature such as hydophobicity and ionic groups involved. The effectiveness of waving on reducing agents was investigated systematically by Okano et al. [1] and a better correlation has been found between the hydrophobic character of thiols and waving efficiency. The diffusion rate of thiols is pH-dependent and is related to the electrostatic interactions between the ionizable functional groups in keratin and thiol [2] [3] [4] [5] [6] [7] . Diffusion of thiols into human hair has been investigated extensively by Kuzuhara and Hori [8] [9] [10] . A combined method of microspectrophotometry and FT-Raman spectroscopy was used, and the electrostatic interactions between reducing reagents and hair surfaces or hair cortex have been discussed. The relaxation behavior in bending of hair in a reducing solution was investigated by Wortmann et al. [11, 12] , and a model for bending set was presented that the degree of reduction in the outer part of the fiber is vital to the degree of set, which in turn the rate of diffusion of the reducing agent is essential. However, views on this model are different among researchers [13] [14] [15] .
In the present study, thioglycolic acid and L-cysteine were used as reducing agents. Our attempt to prepare a model sample was to eliminate the effect of diffusion on perm reactions. In order to realize this aim, the hair tresses were treated repeatedly with reducing agent and subsequently oxidized from one to five cycles. The functional groups produced in hair at each perm process were estimated by using a polarographic method and FT-IR spectroscopy. The mechanical response of these hair samples was also tested as well as bending and waving properties. Our discussion has been extended to the location of SS bonds reduced by different reducing agents, and the location of the SS cross-links attacked preferentially by the reducing agents has been proposed.
Experimental

Materials
Chemically unmodified human hairs collected from Japanese woman (15 years-old) with a length about 30 cm and with a diameter ranging from 66 to 75 µm were used. An aqueous ammonium solution of 50 % (w/v) thioglycolic acid (TGA) and L-cysteine (CyS) used were commercial products. The other reagents used were special reagent grade.
Purification of hair
About 0.5 g of human hair tress consisting of about 100 fibers was purified by immersing in a 5 % (w/v) solution of Laureth-9 containing 20 mM EDTA for 1 h in liquor to hair ratio of 100 at 35!, and washed with distilled water overnight and air-dried.
Perm treatment
Perm treatment consisted of reduction and subsequent oxidation (reoxidation) processes. Reduction was performed by immersing the hair tress wound around a rod with 12 mm diameter in an aqueous solution (50 mL) containing 0.4 M TGA and 0.4 M CyS at pH 9.38 adjusted with aqueous ammonia at 35! for 15 min, and then washed with deionized water for 5 min, and then blotted with a towel. The reduced tress hair thus obtained was subjected to oxidation treatment by immersing an 8% sodium bromate solution at pH 6.10 adjusted with phosphate buffer for 15 min at 35! and followed by washing thoroughly with water and blotting with a towel. Finally, the tress was removed slowly from the rod, and the perm hair tress thus obtained was subjected to the measurement of waving efficiency.
Preparation of perm samples
The procedure described above was denoted as perm treatment. The procedure was repeated up to 3 and 5 times to prepare a model hair sample in which the effect of diffusion on hair reduction might be minimized. The perm hair samples treated 1, 3 and 5 times with TGA were denoted as TGA1, 3 and 5, respectively. The corresponding perm hair samples with CyS were also denoted as CyS1, 3 and 5.
Preparation of DACM-modified hair sample and observation
The untreated and reduced hair were immersed in a 0.5 mM Tris-acetate buffer (pH 8.0) containing 0.1 mM N-(7-dimethylamino-4-coumarinyl)-maleimide (DACM) and 0.85% NaCl for 48 h in a dark at room temperature and washed 2 times with distilled water for 24 h each. The DACM-modified samples thus obtained were frozen in deionized water by using an electron specimen freezer, Model EF-10 (Nippon Microtome Laboratory Co. Ltd.) and sliced every 2 µm in thickness [16] . The specimens were transferred to glass slides and observed under ultraviolet fluorescence (exitation 400 nm and emission 485 nm) using a Model BX51 (Olympus) fluorescent microscope. DACM alone did not have fluorescence but when reacted with thiol groups, the resulting compound showed fluorescence activity.
Waving efficiency of perm hair
Hair tress after perm treatment was removed from the rod and one end of tress was set on a board and hung the other end. The number of waves (ni) and their lengths (Li) were measured in wet state, and again measured after standing for 12 h at room conditions in dry state. Average wave length, L was calculated by eq. (1) :
The waving efficiency, WE was defined as eq. (2) :
where D is the diameter of rod. Here, the value was 12 mm.
FT-IR spectral measurement
FT-IR spectra were measured using a Model Nexus 670 (Thermo Nicolet) after 250 scans at resolution of 4 cm −1 . The spectra were analyzed by attenuated total reflection (ATR) method. A Ge polarizer was used as a high refractive index material.
Stress-strain curve in water
The untreated and perm samples were immersed in water at room temperature overnight and then extended in water at 20! extension speed of 10 %/min. The stressstrain curves were constructed on the basis of the stresses as the forces per cross-sectional area measured at room conditions.
Results and discussion
Reactions occurring during perm treatment
Perm process consists of reduction and oxidation processes. In reduction step, the disulfide bond of cystine residue forms mixed disulfide (KSSR) and cysteine group as eq. (3).
where K represents the hair keratin chain and RSH is the reducing agent with thiol group such as TGA and CyS.
In the presence of an excess reducing agent, the mixed disulfide is further reduced, and converted into thiol group and dithio-derivative (RSSR) such as dithiodiglycolic acid from TGA and cystine from cysteine as eq. (4) :
When a washing process was introduced after hair reduction, the mixed disulfide groups formed by eq. (3) are reduced by the reducing agent adsorbed in the hair without removing by washing with water as eq. (5)[17] :
where RSH (ad) is the reducing agent existing in an adsorbed state in hair. In oxidation step, disulfide group is regenerated according to eq. (6) :
Finally, some of the KSH and KSSK groups existing in untreated and perm hairs are oxidized into cysteic acid as eqs. (7) and (8) :
Partially oxidized cystine, i.e, cystine monoxide and cystine dioxide are considered to be formed during the oxidation reactions as eqs. (9) and (10) [18] :
As described above, perm reaction occurring within fiber is complex. To understand the reaction mechanism, it is important to analyze the contents of disulfide group in perm hair and the intermediate cystine oxides existing as unstable and sensitive species under a hydrolytic environment.
Determination of SH and SS groups by polarography
Quantitative analysis of SS and SH groups is based on the reactions of thiol anions with methylmercury iodide (MeHgI). The SH group of cysteine residue forms KS − ion at alkaline pH as shown by eq. (11) and KS − ion reacts quantitatively with MeHgI as eq. (12) [19] .
The polarographic determination of the content of SH groups in hair sample was performed by measuring the amount of MeHgI remaining in the analytical solution, whereas MeHgI reacts with intermediate cystine oxides and the corresponding amount of MeHgI may be consumed as eqs. (13) and (14) [20] . Therefore, we can assume that the analytical value of SH may involve some amounts of partially oxidized cystine.
KS(O)SK + MeHgI + H2O "
KSHgMe + KSO2H + HI (13) 2KS(O)2SK+MeHgI+2H2O " KSHgMe + 3KSO2H + HI (14) For determination of SS groups in hair, sodium sulfite has been used which reacts easily with cystine residue to form KS − ion and cysteine-S-sulfonate ion (Bunte salt) KSSO3 − as eq. (15) :
The SH groups (KS − ions) produced were analyzed to determine the content of SS groups. This reaction, that is, the so-called sulfitolysis proceeds in an aqueous solution of 8 M urea at pH 9.2, whereas an excess amount of sulfite ions involved in the analytical solution react extremely rapidly with cystine monoxide and dioxide to give quantitative yield of Bunte salt as eqs. (16) and (17), respectively [20] . It is important to note, therefore, that the analytical value obtained for the perm hair samples by the polarographic method gives a true amount of SS groups in cystine residues.
KS(O)SK + 2SO3
2− + H2O "
Partially oxidized cystine groups, which would be formed at the oxidation step during the perm process may react with the reducing agent used at the next perm process to form mixed disulfide as eqs. (18) and (19) [21] :
The mixed disulfide groups formed by eqs. (18) and (19) may further react with RSH(ad) to form cystine residue as eq. (5), and oxidation reactions proceed according to eqs. (6) and (7). As a consequence, existence of partially oxidized cystine residues may become fairly small.
3.3
The SS and SH contents of perm hair Table 1 shows SS and SH contents of perm hair samples prepared using TGA and CyS systems. It can be known that the SS content is decreased with increasing the times of treatment, whereas the SH content tends to increase. As compared with both reduction systems, a slightly larger amount of SS groups is lost in TGA samples than in CyS at the same times of treatment. The losses of SS groups are relatively small even after 5 times of the treatment, i. e., up to only about 11-12% to the SS content of the untreated hair. On the contrary, the increase of SH content reaches above~22µmol/g, which corresponds to 75% or more to that of the untreated hair. To demonstrate whether the analytical value of SH includes intermediate cystine oxides [see eqs. (13) and (14) been assigned to the S-O vibrations of sulfonate in cysteic acid [22] . As compared to the absorption intensity at 1042 cm −1 for TGA samples, somewhat lower intensities can be observed for the samples of CyS at the same number of [22] . Absorption intensity ratios against the absorption of Amide I for various cystine oxidation products were calculated and then the relationship between the absorption intensity ratios of various cystine oxides and times of treatment was plotted in Fig. 3 . The ratio of cysteic acid increases with the increase of the times of treatment and the increment in the quantities reaches to about 12% after 5 times of treatment for both reduction systems. These results are comparable to the losses of SS groups in Table 1 . A slightly decreasing tendency observed for the adsorption intensity ratios of the intermediate cystine oxides seem to be due to a decrease in the amount of cystine oxides in untreated hair throughout perm treatments. It is appropriate to consider, therefore, that the increment in SH content analyzed polarographically is not resulted from the intermediate cystine oxides, but from the increase in the amount of SH groups. It is of interest that the free SH groups remaining until after reoxidation have probably been isolated from each other without converting to SS groups, since SS groups can easily be formed from sterically favored SH groups. The isolated SH groups are also considered to be relatively stable in oxidation environment without converting into cysteic acid. It is suggested, further, that the principal end product formed from oxidation of cystine at a neutral pH near 6.10 with sodium bromate is cysteic acid, and the cleavage of cystine appears to proceed primarily through the S-S fission route as eq. (8) rather than a direct oxidation of SH groups in eq. (7), and an oxidation reaction of SH groups formed via mixed disulfide groups according to eqs. (18) and (19) followed by the reaction of eq. (5) is likely to be ruled out as well. The reactions occurring in hair during perm processes are shown in Fig. 4 . The SS bonds are converted mainly into cysteic acid via path B due to the S-S bond fission mechanism, but not path A due to S-S intact, i.e., the formation of intermediate cystine oxides. In conclusion, the chemical changes brought about by TGA and CyS appear to be too small to produce any marked change in chemical behavior throughout the repeated treatment.
Recognition of diffusion of reducing agents into hair cortex
Florescent micrographs of TGA and CyS samples are shown in Figs. 5(a) and 5(b), respectively. The intensity of fluorescence on the cross-section is increased with the increase of the number of times of treatment. A strong florescence is clearly seen on the outer region of the cross-section for TGA1, suggesting that during the first perm treatment, the reduction is controlled by the diffusion of TGA. With the increase of the number of times of treatment, fluorescence front tends to diffuse to become unclear and after 5 times of treatment a homogeneous distribution is observed.
In the case of CyS, the intensity in the cortex seems to be somewhat weak as compared to that of TGA. It should be noted that the periphery region is likely to be more intensified than the cortex. This accords with the results reported by Kuzuhara et al. [23] . The fluorescence of the samples obtained from 3 and 5 times of treatment were considerably intensified over the cross-sectioned surfaces. Intensity of CyS5 sample is more or less similar level to that of TGA3, suggesting that these reductants permeate in radial direction across their cross-sections to react eventually with SS cross-links in a whole cortex region.
The intensities of the fluorescence are qualitatively comparable to the losses of SS bonds which may be proportional to the amount of the formation of SH groups in Table 1 . It should be emphasized, therefore, that the repeated perm treatments induce an increase of the accessibility of reducing agents and the reduction reactions probably occur over the hair cortex regions controlling the mechanical and physical performance such as stress-strain characteristics, setability, and bending properties.
3.5 Stress-strain relationship of perm hair in water Fig. 6 shows the stress-strain curves of untreated and perm hair samples in water at 20!. The curve of the untreated hair consists of three characteristic regions of Hookean, yield and post-yield, in which range from 0 to 2%, 2% to 25% and beyond 30% strains. Within these ranges the stiffness of the normal hair fibers calculated from the slope of the curve is in the approximate ratio of 100 : 1 : 10 [24] . The initial Hookean modulus and yield stress of TGA reduction samples are considerably decreased with the increase of the number of times of treatment as clearly visualized from Fig. 6(a) . The initial modulus in water is largely dependent on the stability of the α-crystallites, which in turn is due to the cross-link density around the helical structure [25] . On the contrary, the magnitude of the initial modulus observed on CyS reduction samples is characteristic, that is, no or little change on the modulus and the yield stresses does occur. This suggests that there is a great difference between the SS cross-linking sites attacked by the different reducing agents. The post-yield slope is related to the ease of the deformation of matrix components [26] . The slope of TGA perm samples is greatly decreased with the increase of the times of treatment and the breaking stress is also decreased and strain is tended to adversely increase. This behavior has been interpreted by the aspect of the crosslinked structure of keratin fiber, i. e., cleavage of SS linkages between the intermediate filament (IF) and the matrix protein (KAP) and between KAP-KAP components [27] . On the other hand, CyS reduces SS bonds in a similar level to TGA (about 11-12% of the initial content of the untreated hair), so far as the chemical analysis does. It is presumed that CyS may attack the SS bonds existing in the structure far from the ordered IF segments, that is, the end regions of IF which play a role of the matrix components. Further studies in these areas are needed in future.
3.6 Waving efficiency of perm hair Fig. 7 shows the shape of wave in a wet state after perm treatment. With increasing the times of treatment, the number of waves increase and the wave length becomes shorten. The waving frequency and the number of waves of CyS samples are much less than those of TGA samples showing excellent wave forming ability and elasticity. Table 2 shows the waving efficiency of perm hair in wet and dry states. As compared to the efficiencies of CyS, those of TGA perm hairs have overwhelmingly higher values. It is important to note that a little difference exists between the degree of reduction based on chemical analysis of TGA and CyS perm samples after 5 times of treatments, whereas there is a significant difference in waving efficiency. This means that the difference in waving efficiency is associated not only with the permeability of reducing agent into the cortex, but also the reduction sites located in the microstructure accessible to each reducing agent with different chemical nature. 
Conclusion
